Phytophthora rubi and its sister species P. fragariae are soilborne pathogens affecting economically important Rosaceae species across the world. P. rubi is the most common soil-borne plant pathogen causing root rot disease in raspberry fields in the western United States (Gigot et al. 2013; Stewart et al. 2014; Wilcox et al. 1993) , while P. fragariae is an important soilborne pathogen to the strawberry industry as causal agent of red stele disease of strawberry (Hickman 1940) . P. rubi was found in 90% of the surveyed red raspberry fields in Washington state in 2013, with the potential of causing millions of dollars in losses to the industry annually (Gigot et al. 2013; Stewart et al. 2014) . This pathogen is difficult to control, as it overwinters in the soil as oospores that can initiate epidemics in subsequent years. Not much is known about the reproductive strategy, genetic diversity, and population dynamics of this pathogen. It is currently unknown if P. rubi, a homothallic organism, is predominantly selfing or outcrossing. A recent study showed that P. rubi forms a single population across the states of California, Washington, and Oregon ), but there was no assessment of the degree of selfing or migration across populations at either the local or global scale.
Until recently, P. rubi was considered a variety of P. fragariae (P. fragariae var. rubi), as these two species are very similar morphologically and physiologically and are differentiated only by host preference (Man in't Veld 2007) . Man in't Veld (2007) showed that both species have a different allozyme profile and are clustered into two distinct phylogenetic groups based on the mitochondrial cytochrome oxidase I (COI) gene of four strains. These results were used to promote P. fragariae var. rubi to the new taxonomic species P. rubi (Man in't Veld 2007) . Further genetic analyses are needed to determine the degree of lineage sorting between these two species and to confirm the two-species hypothesis. Since a population level study has not been conducted, it is currently not clear whether these two species are reciprocally monophyletic (i.e., all isolates of P. rubi are more closely related to P. rubi than to P. fragariae and vice versa) and whether each of the lineages sort independently from the other.
We studied the population dynamics of the causal agent of Phytophthora root rot disease in red raspberries using population genetic approaches. Population genetic approaches have been applied to identifying putative centers of origin for various plant pathogens (Goss et al. 2014; Stukenbrock et al. 2007) , to study the role of seed transmission in epidemics (Shah et al. 1995) , and to determine the number of introductions or founder events in a forest epidemic (Kamvar et al. 2015a ). Population genetics is a fundamental tool for understanding how a pathogen emerges, adapts, and evolves (Grünwald and Goss 2011; Grünwald et al. 2017; Milgroom 2015) .
Contemporary genotyping techniques can be used to obtain a high number of single nucleotide polymorphisms (SNPs) at moderate cost (Baird et al. 2008; Boussau and Daubin 2010; Elshire et al. 2011; Grünwald et al. 2017; McCormack et al. 2013) . We used genotyping-by-sequencing (GBS), a method that reduces the genome to fragments by using restriction enzymes, to then massively sequence these fragments, using high throughput sequencing (HTS). The SNPs obtained from GBS can be used to infer population structure, linkage and its associations with reproductive strategies, and migration rates within and across populations (Baird et al. 2008; Davey et al. 2011; Elshire et al. 2011; Goss 2015; Grünwald et al. 2016) . GBS or RADseq have recently been adopted to characterize a range of plant pathogens including, for example, Fusarium graminearum and Verticillium dahliae Milgroom et al. 2014; Talas et al. 2016) .
The goal of this research was to characterize the genetic structure of populations of P. rubi using genome-wide SNP data obtained from GBS. First, we tested the hypothesis of complete lineage sorting and reciprocal monophyly between P. rubi and its sister taxon P. fragariae to support the observation by Man in't Veld (2007) that these two taxa are distinct species. Second, we studied the population structure and migration rates of P. rubi at a global and at the western United States scale. Finally, we tested the hypotheses that populations of P. rubi are predominantly clonal, are differentiated by geographic region, and that migration occurs among populations. Our work provides novel insights into the evolutionary history and the population dynamics of P. rubi.
RESULTS

Number of variants obtained by GBS.
A total of 183 isolates were genotyped using GBS, including 45 P. fragariae and 138 P. rubi isolates (Table 1; Supplementary Table S1 ). Of a total of 705,333 raw SNP variants, 5,632 variants were retained after filtering by depth (DP), mapping quality (MQ), missing data, and minimum allele frequency. Six isolates were removed due to poor sequence depth. This filtered set of variants represented isolates from seven countries for P. fragariae and from five countries and six states within the United States for P. rubi (Table 1) . A mean DP of 11× was obtained for all variants, with 54% missing data overall for the filtered dataset. We subsequently limited the data to only P. rubi isolates from California, Oregon, and Washington, collected from 10 grower fields: three from California, three from Oregon, and five from Washington. Each of the states was considered a population. Data were further filtered for the population analysis from the western United States isolates to retain high-quality variants by filtering out variants with more than 20% missing data, resulting in a set of 230 SNP loci for 94 isolates.
High genetic differentiation and complete lineage sorting among P. fragariae and P. rubi.
We tested the hypothesis of reciprocal monophyly between populations of P. fragariae and P. rubi by constructing a phylogenetic tree and randomly resampling SNPs to evaluate lineage sorting. We first constructed a maximum likelihood (ML) phylogenetic tree using 5,632 variants that supported two monophyletic clades for each taxon. We then reconstructed 1,000 neighborjoining (NJ) trees using 1,000 subsets of 200 random SNP variants each, to test support for reciprocal monophyly using different genetic variants across these two clades. These 1,000 NJ trees were overlaid on top of the ML tree using DensiTree to detect evidence of incomplete lineage sorting between the P. rubi and P. fragariae clades (Bouckaert 2010) . The NJ trees plotted in DensiTree yielded similar results to the ML tree, separating P. rubi and P. fragariae isolates into two distinct clusters with 100% support for reciprocal monophyly between P. rubi and P. fragariae (Fig. 1) . Several small subclades were distinguished within P. rubi and within P. fragariae populations that were a result of a reduced number of variants due to filtering (90 and 100% support). However, the bulk of the isolates within each species formed one clade with little variation and 100% support. Additionally, we calculated population differentiation using Gst (Nei 1972 (Nei , 1973 and G'st (Hedrick 2005) for the filtered dataset. Both indices indicated a very high population differentiation between these two species (Gst = 0.42, G'st = 0.48), further supporting two genetically isolated species with independent lineage sorting and reciprocal monophyly. Both results support complete lineage sorting between populations of P. rubi and P. fragariae as observed by Man in't Veld (2007) .
Global populations of P. rubi show little differentiation and possibly originate from the western United States.
We tested the hypothesis of genetic differentiation across populations of P. rubi on a global scale. A population is defined here as the geographic location where the isolates was obtained from (California, Oregon, Washington, New York, Ohio, or Europe). A ML phylogenetic tree showed no clustering by geographic location (Supplementary Fig. S1 Q:1 ). A discriminant analysis of principal components (DAPC) further supported this lack of population structure by showing overlapping ellipses representing 95% of the isolates from each of the populations, including the European Union, California, Washington, and Oregon, except for isolates from New York. FastSTRUCTURE returned a range of genetic clusters (K) ranging from K = 1 to K = 4 ( Supplementary Fig.  S2 ). The fastSTRUCTURE plots lacked a correlation between cluster assignment and geographic population. The results from the phylogenetic, DAPC, and fastSTRUCTURE analyses grouped the California isolates with some of the European Union and New York isolates, suggesting gene flow between these populations. We tested this hypothesis by evaluating 11 demographic scenarios of migration of P. rubi using DIYABC ( Supplementary Fig. S3 ). The demographic analyses were performed with a subset of 12 random isolates from each of the western United States populations to reduce sampling bias. The DIYABC scenario with the highest posterior probabilities supported recent migration from California toward the European Union and showed Washington as an admixed population (posterior probabilities observed for scenario 1: 0.27 ± 0.02, scenario 6: 0.27 ± 0.02, and scenario 7: 0.35 ± 0.2). All scenarios showed recent migration from California to the European Union, admixture in Washington from Oregon and California populations, and differed in support for an ancestral population that was either unsampled, from Oregon, or from California.
Phytophthora rubi populations in the western United States are predominantly clonal.
To test the hypothesis that P. rubi populations are predominantly clonal, we calculated the index of association (I A ) across all loci and compared the observed value against simulations for populations under strong linkage (100% linked loci), moderate linkage (75 and 50% linked loci), and no linkage (0 loci under linkage) (Fig. 2) . The Shapiro-Wilk's normality test showed that all observed and simulated distributions follow normality (P < 0.1), with the exception of the simulated 75% linkage dataset (P = 0.23, W = 0.98). Hence, we performed a nonparametric analysis of variance (ANOVA) analog and a KruskalWallis rank sum test to test for significant differences across treatments. The Kruskal-Wallis test indicated significant differences across I A distributions (P < 0.05, x 2 = 337.17). A nonparametric multiple comparison of ranks using KruskalWallis was then performed to test for differences across mean ranks. The rank comparison yielded the same results as a Tukey's honest significant difference (HSD) test. The P. rubi sample mean was situated between the simulated 75% linkage data and the simulated 50% linkage data. This indicated that populations of P. rubi are predominantly clonal and/or selfing.
Population structure of P. rubi in the western United States.
We tested the hypothesis that populations of P. rubi in the western United States are differentiated. A total of 94 isolates for which we obtained 230 high quality SNP variants were sampled. The ML tree reconstruction and DAPC clustering suggested low levels of genetic differentiation across populations and fields ( Fig. 3; Supplementary Fig. S4 ). The ML tree showed two clades with isolates from Washington clustering with either isolates from Oregon or California (Fig. 3A) . The intermediate clustering of Washington between Oregon and California was also supported in the DAPC analysis (Fig.  3B ). Pairwise Gst similarly resulted in low genetic differentiation among populations. The Gst estimates indicated low differentiation between Oregon and Washington (Gst = 0.024; G'st = 0.087), California and Washington (Gst = 0.023; G'st = 0.042), and California and Oregon populations (Gst = 0.093; G'st = 0.143). The analysis of molecular variance (AMOVA) results indicated little population differentiation across states (f st = 0.098) and found 69% variation at the local state level (f st = 0.228), with no significant differences between states (P = 0.083) ( Table 2) .
We conducted a DIYABC analysis to infer the most likely demographic history of the populations collected from California, Oregon, and Washington, testing five scenarios (Fig. 4) . The best supported scenarios, scenarios 3 and 5, showed Washington as an admixed population (Fig. 4) . Scenarios 3 and 5 resulted in the highest posterior probabilities (0.265 ± 0.02 BW in print Fig. 1 . Genetic differentiation of Phytophthora rubi and P. fragariae populations. A maximum likelihood tree was reconstructed using 5,632 single nucleotide polymorphism (SNP) variants (outlined in black). A total of 1,000 neighbor joining tree reconstructions were made with 200 randomly subsampled SNPs and were drawn using DensiTree (shaded). This analysis shows complete lineage sorting between P. rubi and P. fragariae (100% support). and 0.264 ± 0.01, respectively) and were selected as the most plausible scenarios to explain the demographic history of the western United States populations.
A migration analysis was conducted using migrate-n to determine the degree of migration among the western United States samples. The results are presented as mutation-scaled migration rates and show a higher migration rate toward We also evaluated the degree of linkage among loci and genetic admixture at the field level (or subpopulation), in order to determine if there is evidence of isolates from the same BW in print Fig. 2 . Estimation of the degree of linkage disequilibrium in Phytophthora rubi populations based on observed and simulated distributions of the index of association (I A ). The boxplot shows the observed distribution of I A for the population of P. rubi compared with the distribution of I A values for simulated populations with no linkage and 50, 75, and 100% linkage. Groupings based on the Kruskal-Wallis rank sum test are noted by the letters Q:9 over the boxplots, in which the P. rubi dataset is grouped with the simulated 75% linkage data, supporting a mostly clonal mode of reproduction in United States populations of P. rubi in the western United States. grower field having population assignment to other grower fields as a result of migration among fields. I A was calculated across fields and resulted in high values of I A , representing high linkage for most of the fields, with the exception of Washington fields 7 and 8 ( Supplementary Fig. S5 ). A DAPC was performed across all grower fields to detect admixture ( Supplementary Fig. S6 ). The DAPC results showed that the raspberry fields across California include many isolates with subpopulation assignments to fields within California, with the exceptions of isolates 4838 (most plausible assignment to field 8 in Washington) and 4801 (most plausible assignment to field 5 in Oregon). A similar pattern was seen in isolates from fields in Oregon, where most of the isolates were assigned to fields located in Oregon, with the exception of isolates 5086 (most plausible assignment to fields 1 and 2 in California) and 4815 and 4832 (most plausible assignment to field 8 in Washington). We focused on the results from field 7 in Washington. This field indicated high admixture across all isolates. These admixture events have a population assignment from fields in California and Oregon despite being present in a Washington field Q:2 (Fig. 5) . Isolates from field 7 had assignments with high posterior probabilities to fields in California (isolates 5294, 5295, and 5296) and Oregon (isolates 4933, 5094, and 5293), supporting the admixed nature of the isolates. Additionally, fields 7 and 8 were the only fields that resulted in an observed I A in which the hypothesis of linkage was rejected, but field 7 differed from field 8, as field 7 did not include any isolates that were predominately assigned to a Washington field, while all the isolates from field 8 were predominately assigned to field 8. Field 7 stands out among the subpopulations included in this study as being more diverse, with migration from out of state fields.
BW in print
DISCUSSION
Little is known about the evolutionary history of the raspberry pathogen P. rubi. Our work had two components. First, we wanted to know if P. rubi and the strawberry pathogen P. fragariae still show evidence of gene flow or if lineage sorting is complete. The prior work by Man in't Veld (2007) was based on a few isolates and one phylogenetic locus, and it was not clear to us if gene flow among these taxa might still occur. Our results support the findings of Man in't Veld (2007) that P. rubi and P. fragariae are reproductively isolated. The phylogenetic reconstructions and population differentiation indices revealed that both species are clearly separated from each other. Although these two pathogens coexist in the same agricultural systems and microclimates suitable for small fruit production, development of management strategies and breeding for resistance must be species specific. Second, we were interested in understanding the evolutionary history and population genetic structure of P. rubi globally, where we could only source limited isolates, and more intensively in the western United States, where we could sample more deeply. We analyzed the degree of selfing, structure, and migration. Several results stand out.
Our analysis revealed a high degree of linkage among SNP markers, and these results are in line with a pathogen that can reproduce both clonally and sexually. Given that P. rubi is homothallic, sexual reproduction likely results in selfing and rarely in outcrossing. Both selfing and clonal reproduction might contribute to the observed linkage disequilibrium. Little is known about the linkage in other homothallic Phytophthora species. Recent work based on the index of recombination showed that populations of P. plurivora were predominately clonal (Schoebel et al. 2014) .
Analysis of global populations, albeit based on a limited number of isolates, provides evidence for migration of P. rubi between the United States and Europe. The phylogenetic tree reconstruction of the filtered P. rubi variants showed that the populations from California are genetically most similar to the populations from the European Union. The DAPC results corroborate this finding, as do the population assignment plots generated by fastSTRUCTURE, in which the isolates from California and the European Union group with each other. The demographic models compared in DIYABC indicate that a recent migration from California to the European Union is the most plausible scenario explaining the genetic similarities between populations of P. rubi from both continents, indicating that California might be a source of the pathogen for Europe via possible transport of contaminated plant material (i.e., bare rooted plants or roots grown in soil with P. rubi oospores). California leads the production of red raspberries in the United States, with more than $460 million in revenue in 2015 compared with Oregon ($7 million dollars) and Washington ($89 million dollars) (United States Department of Agriculture National Agricultural Statistics Service 2016
). Movement of raspberry planting material could be contributing to the movement of the pathogen when infected plants are transported across states and countries, leading to dispersion of the pathogen across the globe. Keep in mind that the number of variants we used for the demographic reconstruction was very small (54 variants across 48 isolates) in order to have balanced sample sizes based on the limited European isolates; thus, we feel that additional sampling in Europe is needed to provide more confidence in the demographic patterns we observed. The DIYABC analysis could not differentiate between two candidate ancestral populations (Oregon versus California). A better sampling BW in print worldwide is needed to validate our results and or provide new insights into the intercontinental migration of P. rubi populations. We observed little structure in the Oregon, California, and Washington populations of P. rubi. The phylogenetic reconstruction and the DAPC analysis showed that most isolates from Washington were clustered with either isolates from California or Oregon, indicating lack of population structure. These results are supported by the analyses of population differentiation based on Gst. The AMOVA results revealed a similar pattern, in which no significant genetic differentiation was observed among populations. These results provide evidence to suggest that P. rubi forms one large, mostly clonal population across the western United States.
Our migration analysis also suggests that Washington might be a sink of the raspberry pathogen P. rubi, with migration from Oregon and California. We present multiple sources of evidence for an admixed Washington population. The phylogenetic reconstruction of the western United States populations showed that the Washington isolates cluster within both Oregon and California clades (Fig. 3A) . The DAPC results showed a similar pattern of no exclusive clustering among Washington isolates, where the ellipses that represent 95% of the isolates of each population overlap with both the California and Oregon ellipses (Fig. 3B) . In addition, the demographic analysis obtained with DIYABC also supports Washington as an admixed population. The most supported DIYABC scenarios consider Washington an admixed population from isolates from California and Oregon. Based on a migration analysis, Washington received up to four times the influx of migrants than any of the other two states. These patterns are also observed at the field level.
The analysis of isolates across fields in the western United States showed evidence of low population structure and migration across fields. The ML phylogenetic reconstruction did not result in any monophyletic clade comprised of all isolates from the same field. Furthermore, the DAPC showed admixed isolates in every field, suggesting inoculum movement between fields within and across states. These patterns were most notable in the Washington fields, where isolates from Washington had a higher probability of assignment to populations from fields in California or Oregon. In addition, the low I A values within Washington fields provides more evidence for the hypothesis of high migration toward Washington fields. The Fig. 5 . Example of admixture of Phytophthora rubi in a Washington (WA) raspberry field based on the posterior probability of population assignment for field 7 in Washington. Bar plots represent the probability of assignment of each sample to another field as indicated in the legend. Field 7 contains most isolates assigned to out-of-state locations. Sample 4993 has a higher posterior probability assignment to Oregon (OR) field 5, while the other isolates seem to be mostly assigned to California (CA) fields, except for sample 5094, which has equivalent assignments to fields across the western United States.
nonsignificant I A values within Washington fields can only be explained by migration from other sources, given that this pathogen is predominantly clonal or selfing in the majority of fields sampled (Fig. 2) . Our interpretation is that admixture can make populations appear sexual. Field 7 in Washington is a good example, with evidence of migration and admixture with other states; this field does not form an exclusive cluster in the phylogenetic reconstruction and has a low, nonsignificant I A value. The assignment using DAPC of field 7 isolates showed higher probabilities of assignment to Oregon or California fields; sample 4993 had over 60% assignment to field 5 in Oregon, whereas any of the other isolates had a similar probability to be assigned to fields in either California or Oregon. These results indicate that field 7 is a sink field, potentially, through the introduction of P. rubi-infected plant material from locations across the western United States.
We used next-generation sequencing techniques with a GBS approach to characterize the population dynamics of the P. rubi plant pathogen. The results show that populations of P. rubi are genetically similar globally. We also found evidence of migration of P. rubi between the United States and Europe, but our results do not allow for the determination of which population is the source and which population is the sink for the pathogen, and more sampling is required. Our results also indicate a low level of population structure among P. rubi populations from the western United States and a high number of migrants from the source populations of California and Oregon toward Washington. Movement via contaminated planting material from in ground nurseries is the most plausible hypothesis that can explain the migration of P. rubi. There are several raspberry nurseries located in California and Washington that ship certified planting material (rooted canes and root cuttings) to commercial fields throughout the western United States and world (Zasada et al. 2010) , and the reality is that it is difficult to completely prevent disease spread via nursery plants because they can harbor latent or asymptomatic infections. Continued diligence by the raspberry nursery industry to produce planting material free of P. rubi will likely prevent the spread of the pathogen to new sites. The transition of some nurseries to the production of tissue-cultured plant material rather than in-ground nursery production is another step in reducing the spread of the economically important raspberry pathogen P. rubi.
MATERIALS AND METHODS
Population sampling, DNA extraction, and GBS.
Our sampling strategy consisted of two approaches: i) obtaining a global population sample of P. rubi and P. fragariae from culture collections to test for gene flow among these two taxa, and ii) intensive hierarchical sampling of populations of P. rubi in California, Oregon, and Washington to determine population structure (Table 1) . A total of 138 previously isolated isolates of P. rubi from six countries and from 10 fields from five states in the western United States (Supplementary  Table 1 ) were used in this study (Table 1) . A total of 45 isolates of P. fragariae from North American and Europe were also included. For all isolates, mycelium was grown on cellophane filters over a plate of V8-200 media for 7 days and was then harvested and freeze-dried. DNA was extracted using the Qiagen DNEasy plant minikit following the manufacturer's protocol (Germantown, MD, U.S.A.). The restriction endonuclease ApeKI (New England Biolabs, Ipswich, MA, U.S.A.) was used to reduce the complexity of the genome. Each of the isolates was barcoded and the pooled library was subjected to high-throughput sequencing. The first lane contained 19 isolates sequenced on the Illumina HiSeq 2000 platform. These isolates were sequenced in a full lane containing 96 isolates, using 100-bp single end reads. All other isolates were sequenced on two lanes of the Illumina HiSeq 3000 platform, containing 96 isolates each, using 150-bp paired end reads and a median insert size of 500 bp, following the Illumina protocol (San Diego, CA, U.S.A.).
Read mapping and quality filtering.
Libraries for each lane were demultiplexed by sample, using the Illumina barcode to obtain FASTQ files containing raw reads per sample. Demultiplexing was performed using sabre (Byrne et al. 2013) . Each FASTQ file was aligned against the reference genome of P. rubi (Tabima et al. 2017 ) using bowtie 2 ( _ very careful option) (Langmead and Salzberg 2012) . Variants were called using the GATK Haplotype Caller (McKenna et al. 2010 ) for all isolates, and the resulting variant caller format (VCF) file was quality filtered, using the vcfR package in the R statistical framework (R Core Team 2016). Variants were filtered based on a minimum read DP of 4 and a maximum of the 95% percentile of the DP distribution to remove variants with high read depths. Reads were further filtered by mapping quality, where all variants with values lower than the maximum mapping quality (MQ = 44) were removed. Finally, sites with more than 50% missing data were removed from the dataset.
Genetic differentiation between P. rubi and P. fragariae.
To determine the degree of genetic differentiation between P. rubi and P. fragariae, we reconstructed a phylogenetic tree using ML in RAxML (Stamatakis et al. 2014 Q:4 ) on the filtered dataset with 5,632 SNP variants. The ML tree was calculated using the MULTIGAMMAI model of substitution. To obtain branch support, we performed 1,000 bootstrap samples. Subsequently, to further illustrate the genetic differences between both species, we reconstructed 1,000 trees using random subsets of 200 variants from the filtered dataset. The subsets were sampled using vcfR . Each tree was reconstructed in ape (Paradis et al. 2004) , using the NJ algorithm and bitwise distances calculated in poppr (Kamvar et al. 2015b) . The 1,000 NJ trees were overlaid on the ML tree using DensiTree (Bouckaert 2010) , to estimate support for reciprocal monophyly between P. rubi and P. fragariae. Genetic differentiation between both species was estimated by calculating Gst (Nei 1972 (Nei , 1973 and G'st (Hedrick 2005) using vcfR .
Clonality and linkage disequilibrium in P. rubi.
To infer the predominant mode of reproduction (e.g., sexual, clonal, or mixed), we used the I A (Brown et al. 1980; Milgroom 1996) . We used the function sample.ia from poppr (Kamvar et al. 2014) to calculate the I A for 1,000 random variants within the filtered dataset for all isolates of P. rubi and built a distribution of I A values. To determine the degree of linkage of the P. rubi isolates in our dataset, we compared the distribution of the I A values observed for P. rubi against the distribution of 1,000 I A expected values reconstructed from simulations with 0, 50, 75, and 100% linkage. Simulations were conducted in adegenet (Jombart 2008) , with a dataset consisting of 2,574 loci and 133 samples (analogous to the observed P. rubi data). We used the Shapiro-Wilk's normality method to test for normality in each of the distributions of I A values for the observed and simulated data. An ANOVA test in R was used to test for significant differences across I A distributions. To determine significant differences among means in pairwise comparisons of the I A distributions for observed and the three simulated data sets, Tukey's HSD posthoc test was calculated in R. To correct for the absence of normality, we performed a nonparametric Kruskal-Wallis rank sum test to compare across the I A distributions. A nonparametric, posthoc Kruskal-Wallis rank comparison test was performed to compare between mean ranks. These nonparametric tests were performed in R.
Analyses of global populations.
The R packages poppr (Kamvar et al. 2014; 2015b) and adegenet (Jombart 2008) were used to reconstruct a ML tree, using RAxML (1,000 bootstrap replicates, MULTIGAMMAI model of substitution) and to perform a DAPC (retained 24 principal components and three discriminant components) (Jombart et al. 2010 ) between the isolates obtained from each of the populations in the study (Oregon, California, Washington, New York, Ohio, the European Union). fastSTRUCTURE (Raj et al. 2014 ) was used to estimate the population assignments for each sample and to infer the potential number of genetic population clusters. fastSTRUCTURE was run for 1 million iterations, with a range of K clusters from 1 to 10. To determine if isolates from California are the source of the European P. rubi population or vice versa, we compared 11 demographic models reconstructed in DIYABC (Cornuet et al. 2008) . We removed the isolates from the Ohio and New York populations for all subsequent analysis, due to the low number of isolates for each of these populations. Five scenarios (1, 2, 3, 6, and 7) assumed that the Washington population is a product of admixture between Oregon and California and there has been a recent migration toward Europe from either of the states. Two scenarios (4 and 5) reflect an ancestral migration between California and Europe and a subsequent western United States population establishment from these migrants and posterior admixture of Oregon and California toward Washington. Scenario 5 assumes Europe as the ancestral population and California as the ancestral population. The remaining five scenarios do not assume admixture in Washington. Scenario 8 assumes an ancestral, unknown population that splits early into the European Union population and into the common ancestor of a polytomy between the western United States. Scenarios 9 to 11 assume a recent migration from each of the western United States toward Europe. All populations in the western United States arise from a polytomic, unsampled root population. Each of these scenarios were reconstructed in a subset of 12 isolates from each of the western United States populations (California, Oregon, and Washington) in order to have an identical sample size to the European population. We selected the 12 isolates from each of the United States populations randomly. After subsetting, we filtered the data to retain variants with less than 20% missing data. A total of 54 polymorphic variants were retained. A total of 11 million DIYABC simulations were performed. A direct linear approach using the closest 200 simulations was performed to obtain the scenarios with the highest posterior probability. An analysis of confidence in scenario choice was performed by evaluating the confidence in scenario choice by simulating test datasets, calculating the posterior probabilities of each scenario per simulation, and measuring the proportion of time in which a scenario had the highest posterior probability.
Population genetic analyses across the western United States.
The western United States populations (California, Oregon, and Washington) were sampled in a hierarchical manner, with several grower fields per state . The SNP data for the global P. rubi and P. fragariae populations was filtered to remove P. fragariae and all variants with more than 20% missing data. Thus, the data analyzed here is a subset of the data described for the global populations.
To determine the degree of genetic similarity among populations in the western United States, we performed an AMOVA and calculated the Fst analogs Gst (Nei 1972 (Nei , 1973 and G'st (Hedrick 2005) , using vcfR . A total of 1,000 permutations were performed to establish significant differences in the AMOVA.
We evaluated five different demographic scenarios using DIYABC to infer demographic history of the California, Oregon, and Washington populations (Cornuet et al. 2008) (Fig. 4) : a Washington origin with subsequent migration toward Oregon and California, a California origin with subsequent migration toward Oregon and Washington, a California origin with subsequent migration toward Oregon and admixture of California and Oregon in Washington, an unknown origin with subsequent migration toward Oregon and California and admixture of California and Oregon in Washington, and an Oregon origin with subsequent migration toward California and admixture of California and Oregon in Washington. A total of 11 million DIYABC simulations were calculated. A direct linear approach using the closest 200 simulations was performed to obtain the scenarios with the highest posterior probability. Migrate-n was used to estimate the relative migration rates among populations (Beerli and Felsenstein 2001) . Migrate-N was run using 1,000,000 steps with 10 replicates, and one hot chain and three cold Monte Carlo Markov chains, Q:5 using a fixed Ø ; 6 to calculate the mutation scaled migration rate between states.
To determine subpopulation structure among grower fields, we plotted the western United States population ML tree by coloring the tips by grower field, using the ggtree R package (Yu et al. 2017) . Each of the fields was considered a subpopulation. To determine genetic linkage across fields, we calculated linkage disequilibrium using I A for each grower field using poppr. Finally, to determine admixture across fields, we calculated the posterior probability assignments per grower field for each sample, using DAPC in adegenet (Jombart et al. 2010) .
Data deposition and supplementary Materials.
The whole genome shotgun data were previously deposited in GenBank under the accessions MWJK00000000 (P. fragariae) and MWJL00000000 (P. rubi) and NCBI BioProject accession PRJNA375089 (Tabima et al. 2017) . The GBS FASTQ files are deposited in NCBI BioProject under accession PRJNA413437. Various computer scripts, VCF data, supplementary figures, and a supplementary table are archived at one or both the Open Science Framework database and github.
